In this paper, we describe the formation of local resonances in graphene in the presence of magnetic adatoms containing localized orbitals of arbitrary symmetry, corresponding to any given angular momentum state. We show that quantum interference effects which are naturally inbuilt in the honeycomb lattice in combination with the specific orbital symmetry of the localized state lead to the formation of distinctive fingerprints in the local density of states and in the differential conductance curves, allowing scanning tunneling probes to characterize adatoms and defects in graphene.
I. INTRODUCTION
Graphene is a single atomic layer of graphite whose low energy quasiparticles behave as massless Dirac fermions [1] [2] [3] . As an open surface, graphene offers a solid playground for the detection and local manipulation of quantum states with scanning tunneling (STM) probes. This perspective is particularly promising for adatoms, which can be dragged with atomic precision 4 and can have their magnetic state monitored and controlled with the application of an external gate voltage 5, 6 . There has been substantial progress in the quality of the STM experiments in graphene in the last few years [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Recent experiments reported the observation of Landau levels spontaneously generated by strain on the top of nanobubbles in graphene 17 , and the observation of charge polarization effects around a Co adatom 18 
.
Although the microscopic theory of STM is well understood in metallic hosts 19, 20 , in graphene the sublattice quantum numbers play a role in the interference effects that drive the emergence of Fano resonances 21 nearby adatoms, in the presence of an STM tip. In particular, for adatoms that sit at the center of the honeycomb hexagon (H site), destructive interference between the different electronic paths of hybridization with the two sublattices may give rise to a suppression of the Fano resonance of the localized state [22] [23] [24] , and also change the scattering rate of the localized electrons due to the presence of the fermionic bath 22 . In general, the broadening of a localized state, magnetic or not, is expected to scale as ∆(ω) ∝ |ω| r , where r is the scaling dimension of the DOS of the host material, which in graphene is r = 1 (r = 0 for metals). In graphene, nevertheless, localized orbitals located either in substitutional impurity sites (S sites) or in H sites and which also preserve the C 3v point group symmetry of each sublattice are effectively damped at low energies by a fermionic bath with r = 3 22, 25 , due to quantum interference effects. This effect suggests that the local density of states (LDOS) can by quite susceptible to the orbital symmetry of the localized state, allowing STM probes to characterize adatoms and defects in graphene.
In this work, we describe in detail the effect of the localized orbital symmetry into the emergence of local magnetic resonances near the adatom. We show that an adatom with inner shell electrons can induce distinctive patterns in the nearby LDOS of graphene. This pattern can reflect the specific orbital symmetry of the localized state, an effect which is unique to the honeycomb lattice.
In 2 dimensional irreducible representations containing doublet states, such as d xy and d x 2 −y 2 orbitals, we find that the LDOS pattern can actually lower the crystallographic point group symmetry of graphene in the situation where the degeneracy of the doublet is lifted by interaction effects, which polarize the charge and spin of the orbitals 26 . In the limiting case where the energy separation of the polarized levels is much larger than the level broadening, which is usually the case when the doublet state sits near the Dirac points, where the DOS vanishes, the orbitals remain orthogonal to each other, and their contribution to the LDOS can be detected separately by energy resolved STM measurements. In this limit, which physically corresponds for instance to the case of adatoms in graphene with total spin 1/2, the problem can be effectively described by a single orbital Hamiltonian. Although the treatment is generic and can be straightforwardly applied to degenerate orbitals in higher angular momentum irreducible representations (which in graphene include doublet states), to illustrate the main effect, we specialize in the case of adatoms with total spin ∼ 1/2, where the adatom induced symmetry patterns in the LDOS are more pronounced.
Furthermore, we discuss the emergence of non-trivial particle-hole asymmetries in the energy dependence of the level broadening ∆(ω), depending on the particular symmetry and position of the localized state in the lattice. We also address the theory of scanning tunneling spectroscopy developed in ref. 22 for the case of s-wave orbitals, and generalize it to describe higher angular momentum states in the case of interest, for adatoms with total spin near 1/2.
The outline of the paper is as follows: in section II, we describe the generic zero dimensional Hamiltonian of an adatom in graphene; in section III we briefly describe the role of the orbital symmetry into the formation of local magnetic moments and we show the manifestation of those orbital symmetries in the LDOS, whenever the adatom hybridizes with two or more carbon atoms. In section IV we describe the STM tip effects in the LDOS and we compute the differential conductance accounting for the symmetry of the localized orbitals and their position with respect to the sublattices. Finally, in section V we present our conclusions.
II. HAMILTONIAN
The Hamiltonian of a magnetic adatom in graphene is described by a sum of four terms,
where
is the graphene Hamiltonian in tight-binding, with t ∼ 2.8eV the hoping energy between nearest neighbors sites, a (b) is a fermionic annihilation operator in the A (B) sublattice, with σ =↑, ↓ indexing the spin. In momentum space,
and a 1 =x, a 2 = −x/2 + √ 3ŷ/2, and a 3 = −x/2 − √ 3ŷ/2 are the lattice nearest neighbor vectors. The second term,
is the Hamiltonian of the localized level with energy ǫ 0 measured from the Dirac point, with m the angular momentum projection indexing the different degenerate orbitals contained in a given irreducible representation with angular momentum l (for instance, the doublets d xy , d x 2 −y 2 , with l = 2 and m = ±l). In graphene, due to the three fold rotational symmetry of each sublattice, the crystaline filed anisotropy lifts the degeneracy of the orbitals for different values of |m| ≤ l, leaving pairs of degenerated states (doublets) with angular momentum projections ±|m| with m = 0. The third term in Eq.
(1) gives the hybridization Hamiltonian. When the adatoms sit on top of a carbon atom as in the case of H and F atoms, and also simple molecules 27 such as NO 2 ,
for adsorption on a given site, say on sublattice A. Adatoms such as transition metals may instead strongly prefer to sit in the hollow site 28 at the center of the hexagon in the honeycomb lattice (see Fig. 1 ). In that case, the level is coupled to the graphene bath though the hybridization Hamiltonian
where V x,i (x = a, b) are the hybridization amplitudes of the adatom with each of the nearest neighbors carbon atoms, which are set by the orbital symmetry of the localized state. In momentum space representation, this Hamiltonian can be written as 22, 25 
with j representing summation over the hybridization amplitudes of the adatom with the nearest neighbor carbon atoms on a given sublattice, and N is the number of lattice sites in the extended unit cell of the adatom. The discrete sum over momenta can be interchanged by a continuous integration, top of an A site and V a,p = 0 and V b,p = V for a B site. When the adatom sits at the center of the honeycomb hexagons (H-site), the strengths of hybridization with the six nearest carbon atoms in the tight-binding description depend explicitly on the symmetry of the orbital: for example, for s-wave orbitals, V x,i ≡ V by symmetry, whereas for in-plane f -wave orbitals, the hybridization amplitudes are anti-symmetric on the two sublattices, Fig. 3 ). A similar description can be for instance applied for adatoms sitting on bond sites in between two neighbor carbon atoms.
Finally, the last term in Eq. (1) includes the Coulomb energy (U ) and exchange energy (J) for the electrons in the different orbitals
which can be decomposed at the mean-field level into
is the occupation of the orbital with angular momentum projection m, and spin σ. The summation is carried over the degenerate orbitals in a given irredubile representation, which in graphene correspond to the doublets m = ±|l z |, with |l z | = 0, 1, . . . l. The mean field interaction can be absorbed into the definition of the localized energy level in Eq. (4),
is the spin dependent renormalized energy of the localized states in a given irreducible representation.
III. LOCAL MAGNETIC MOMENTS
The formation of local magnetic moments can be addressed by the self consistent calculation of the occupation for up and down spin states in the different orbitals, which follows from integrating the DOS from the bottom of the band up to the Fermi level µ, 5, 33 n m,σ = − 1
is the retarded Green's function of the localized electrons,
(0) , and
is the self-energy of the f -electrons, with
are the matrix elements of the retarded Green's function of the itinerant electrons in graphene,
and so on, which are are defined bŷ
is the tight-binding Hamiltonian matrix. More explicitly,
1 is the identity matrix and σ 
gives the quasiparticle residue and ∆(ω) ≡ −ImΣ f f (ω) is the level broadening of the localized state
which is defined in terms of the generic tight-binding phases,
x,i ). Those phases depend explicitly on the symmetry of the localized orbital, which reflect in the relative amplitudes of hybridization with the surrounding carbon atoms, and also on the relative position of the adatom with respect to the sublattices, i.e, if the adatom sits on top of a carbon, in the center of the honeycomb hexagon, on a bridge site or else in a substitutional site. This formulation is completely general and can be easily extended to include for instance substitutional impurities in double vacancies.
In the scenario where the adatom sits on top of a carbon atom, the level broadening is given by ∆(ω) =
is the DOS in graphene in the linear portion of the spectrum, and therefore ∆(ω) scales linearly with energy. For adatoms that sit on H or S sites, the scaling analysis of the level broadening allows a classification in two symmetry groups, depending on either if the C 3v point group symmetry of the honeycomb sublattice is preserved by the adatom or not, as previously mentioned in the introduction. As illustrated in Fig. 3 , when the electrons hop in and out of an adatom sitting on H or S sites, they collect phases which give rise to quantum mechanical interference among the possible hybridization paths. When the amplitudes of hybridization of a localized orbital with the three surrounding carbons on the same sublattice are identical, in which case the C 3v point group symmetry of sublattice x is preserved, the hopping phases interfere and give rise to an anomalous energy scaling of the hybridization, whose modulus scales now in the same way as the Kinetic energy, |V x,p | ∝ |φ p |. In that case, the level broadening scales as 22, 25 
at low energy, as opposite to the conventional case where this interference is frustrated and |V x,p | scales to a constant near the Dirac points. In the later, ∆(ω) ∝ ρ(ω) corresponds to the standard case, whereas in the former case the damping is super-linear. The first class of orbitals, which we will refer as type II orbitals, include m = 0 and m = 3 angular momentum states, such as in s and in-plane f -wave orbitals. The standard "ohmic" class (type I) by its turn is described by adatoms on top carbon sites and m = ±1 and m = ±2 angular momentum orbitals on H or S sites. To be more concrete, the class of type I orbitals is represented by adatoms that sit on top of a carbon atom, in which case the orbital symmetry is not particularly important, and also by adatoms siting at H or S sites with localized orbitals in the In the linear cone approximation, where the spectrum is linearized around the Dirac points, t|φ K+p | → vp up to the cut-off of the band D, with v ≈ 6eVÅ as the Fermi velocity, the level broadening for orbitals of type I is
at low energies, where
is the dimensionless hybridization parameter, and
implying that the quasiparticle residue Z → 0 vanishes logarithmically at low energy.
In the case of super-linear damping, for type II orbitals, the level broadening scales with the cube of the energy within the linear cone approximation,
and can be orders of magnitude smaller than in the linear case when |ǫ 0 | ≪ t. N s = 1, 2 correspond to the number of sublattices the adatom effectively hybridizes (N s = 2 for H sites and N s = 1 for S sites, as shown in Fig.  3 ).The quasiparticle residue, Z σ , in this approximation is given by In Fig. 4 , we show the energy scaling of the level broadening for the different orbital symmetries. Particle-hole symmetry is preserved for adatoms on top carbon sites, where ∆(ω) follows the DOS, and also for adatoms on S sites, which effectively hybridize with only one sublattice. For adatoms on H sites, which hybridize with the two sublattices, particle-hole symmetry is explicitly broken in the high energy sector (|ω| t) by the off diagonal matrix elements of the hybridization (at low energy, the off diagonal terms average to zero in the momentum integrals). In particular, d x 2 −y 2 , d xy -wave orbitals (where V a,i = V b,i ) are strongly damped when the energy of the localized state is far above the Dirac point (ω > t), but otherwise are weakly damped at negative energy states (black solid curve in Fig. 4a) 31, 32 . In the same way, s and in-plane f -wave orbitals, which couple symmetrically and anti-symmetrically with the two sublattices respectively, show a strong particle-hole asymmetry at high energies, as depicted in Fig. 4b. In Fig.4c , we show the level broadening for the substitutional case, where particlehole symmetry is restored. In all cases, the peaks at |ω| = t are divergences which are reminiscent of the logarithmic singularity of the DOS around the M point of the BZ. 
Spin 1/2 adatoms
In the situation where the energy of a localized doublet in a given irreducible representation is close to the Dirac points, where the DOS vanishes, the degenerate orbitals contained in that representation (say d xy and d x 2 −y 2 , with m = ±2) remain nearly orthogonal to each other, since the matrix elements for electronic transitions between them, which are mediated by the bath, are very small. In that scenario, the lowest energy solution for a doublet in the limiting case ∆ → 0 involves a maximally polarized state where one orbital is fully spin polarized and the other is empty (hence with total spin 1/2 and total charge of one electron), and the energy separation between the orbitals is set by the difference between the Coulomb and the exchange energies, U − J, which is typically of the order of a few eV 26 . More generically, the criterion for a maximally polarized solution for a doublet state is that the energy separation between the orbitals is large compared to the level broadening due to the hybridization of the orbitals, namely U −J ≫ ∆. When this criterion is fulfilled, the electronic transitions between the orbitals are suppressed and the effective Hamiltonian of the problem maps into the single orbital case described in the original work by Anderson
33
, where the Coulomb Hamiltonian becomes the standard Hubbard U term
and orbital indexes (m) are suppressed everywhere else in Hamiltonian (1). The energy of the localized orbital becomes
where ǫ σ = ǫ 0 + U n −σ gives the energy of the spin polarized level.
In the single orbital problem, as in the degenerate case, the occupation for up and down spin states can be selfconsistently calculated at the mean field level from Eq. (12) . The emergence of a local magnetic moment follows from the appearance of a spin polarized state below the Fermi level, say, at energy ǫ 0 +n ↑ U , and a virtual (empty) state at ǫ 0 + n ↓ U for the majority spin, with n ↑ + n ↓ ≤ 1 due to the Pauli principle.
The analysis about the formation of local magnetic moments and the zero dimensional phase diagram that comes out of the single orbital picture has been discussed in detail in ref. 5 for the case of type I orbitals. For type II orbitals, the physics is qualitatively similar, except for the fact that the formation of a local magnetic moment becomes exceedingly easy, even at small U , due to the fact that the broadening of the level can be negligibly small when ǫ 0 /t ≪ 1.
For simplicity, in the following, we will analyze the single orbital model only, which is valid for orbitals in the m = 0 state and also for dublets with total spin 1/2, when the criterion for the maximal polarization of a doublet state, U − J ≫ ∆, is met. The extension to the degenerate multi-orbital case, when the orbitals in the doublet state are hybridized, is straightforward. The extension may also be applied in the non-degenerate multi-orbital case, where the orbitals in the doublet state show some degree of charge and spin polarization. In standard metals, that translates in the condition U −J > π∆ 26 . From now on, we will drop the orbital indexes m and consider only spin polarization effects.
A. Local DOS
The local DOS around the impurity can be computed directly from the diagonal matrix elements of the electronic Green's function in graphene in the presence of the adatom,
and
with V a,p and V b,p defined in Eq. (7) and (8).
In Fig. 5 we show the topography maps around the impurity, which describe the local DOS integrated in energy. We use the set of parameters V = 1eV, U = 1eV, µ = 0.1eV and ǫ 0 = −0.5eV, which correspond to a spin polarized state with n ↑ ≈ 0.04 and n ↓ ≈ 0.96. In the case where the adatoms sit on top of a carbon site on a given sublattice (top panels), the maps show a clear asymmetry between the integrated LDOS of the two different sublattices. The pattern on the opposite sublattice of the impurity (Fig. 5a ) has a lower point group symmetry than in the same sublattice (Fig. 5b) , what comes from the fact that the adatom in this case has only three nearest neighbor carbon sites but six next-nearest neighbor ones. For adatoms sitting in the center of the honeycomb hexagon (lower panels), there is no distinction between the patterns of the two different sublattices, except for a rotation of π. Fig. 5c and d depict the integrated LDOS for an s-wave orbital (m = 0) sitting on an H site. The intensity of the integrated LDOS maps is also much weaker in the lower panels compared to the upper ones, reflecting the fact that the hybridization for H or S sites is mediated by hopping, and hence weaker than in the top carbon site case for the same set of parameters.
The analysis of the LDOS also permits to identify the symmetry of the localized orbital when the adatom sits either on H or S sites. In Fig. 6 we show the LDOS at fixed energy for both a d x 2 −y 2 orbital (Fig. 6a-d ) and a f x(x 2 −3y 2 ) state (Fig. 6e-h ). In the former, the orbital d-wave symmetry of the localized state has a clear fingerprint in the induced DOS nearby the adatom. The signature is specially pronounced when the LDOS is resolved for the minority spins, as noticed by direct comparison of Fig. 6b and f. In panels c), d) and g), h), we show the distinct patterns for the LDOS of majority and minority spins on a given sublattice. In the case of an in-plane f -wave state, which explicitly preserves the point group symmetry of the sublattices, the fingerprint, although more subtle, can be easily characterized by a Fourier analysis of the LDOS, which maps the scattering wavevectors responsible for the emergence of local resonances nearby the adatom.
In Fig. 7 , we plot the corresponding maps of the energy integrated LDOS in the reciprocal space. The solid hexagonal line indicates the Brillouin zone (BZ). In Fig. 7a , we show the maps for the opposite sublattice of the impurity, whereas on Fig. 7b , we depict the Fourier transformed maps for the same sublattice of the adatom. The central peaks around the center of the zone (Γ point) indicate forward scattering processes that contribute to the resonant states nearby the adatom, whereas the peaks centered at the K points at the edges the BZ indicate backscattering processes, which connect the different valleys. For the opposite sublattice of the adatom (Fig. 7a) , the backscattering processes at the K point and the forward scattering ones at Γ are significantly attenuated. In the reciprocal space maps for the same sublattice of the impurity (Fig. 7b) , where unitary scattering should dominate, backscattering processes are strongly enhanced, followed by the presence of subdominant forward scattering peaks. In panel 7c, we depict the Fourier transformed map for both sublattices. In those plots (top carbon case), the amount of scattering at the M points, which indicate the position of the Van Hove singularities, is weak compared to the other dominant processes. The shape of the forward scattering peak at the Γ point also reflects the symmetry of the hybridization matrix elements in the Hamiltonian. In the top carbon case, the Γ peak is isotropic.
In Fig. 7d we show the reciprocal space maps for the energy integrated LDOS for an s-wave orbital siting at an H site. In this case, the height of the central peak is significantly small compared to the dominant peaks around the K points, indicating strong enhancement of the backscattering compared to forward scattering processes. In panel 7e we depict the case of a d x 2 −y 2 -wave orbital also at an H site, whereas in panel 7f we show the signature of an f x(x 2 −3y 2 ) orbital (H site) in the reciprocal space. For d and f -wave orbitals, destructive interference leads to attenuation of the backscattering peaks at the K points, in particular in the d-wave case. In the insets of Fig. 7d and f we show in detail the features of the forward scattering peaks for s-wave and f x(x 2 −3y 2 ) -wave orbitals, respectively. Both peaks reflect the underlying C 3v symmetry of the sublattices, which are incorporated into the hybridization matrix elements of the Hamiltonian for orbitals of type II. For a d-wave orbital (inset of Fig. 7e ), the forward scattering peak has C 2v symmetry.
IV. STM TIP EFFECTS
Let us now consider a problem of more practical interest for tunneling microscopy experiments, where we additionally include an STM tip close to a spin 1/2 impurity. The electrons in the metallic tip follow the Hamiltonian
where ǫ p = p 2 /2m is the electronic dispersion of an electron gas, with m the effective mass. The electrons can tunnel either to the carbon sites in graphene or to the impurity. In the former case, the tunneling process is described by the Hamiltonian
where t a , t b are the electronic tunneling energy from the tip to sublattices A, and B in graphene, i t denotes sum over the tip nearest neighbor carbon sites (R i ) on a given sublattice, and r = (R, z) is the position of the center of the tip, where R is the horizontal distance of the tip to the impurity and z is the distance of the tip to the graphene layer.
The single-particle wave-functions ψ t,p (r) describing the electronic state at the tip, namely
can be expanded in spherical waves from the center of the tip, ψ t,p (r) ∝ e −κpr /r, where c σp is a second quantized operator for the tip electrons. The factor 19, 20 
gives the effective tunneling barrier between the tip and the rest of the system, and is defined by the electronic work function of the tip, φ t . Since the single-particle wave functions of the graphene electrons can be expanded in plane waves,
, the Hamiltonian (37) becomes
describes the spatially averaged hopping matrix elements between the tip and graphene, where the position of each of the carbon atoms underneath the tip is effectively replaced by the in-plane position of the center of the tip with respect to the impurity. The Hamiltonian for the tunneling from the tip to the impurity is given by:
where t f −t is the tunneling energy from the tip to the impurity. In a similar way, we can write
where |r| = √ R 2 + z 2 measures the center of the tip with respect to the position of the impurity. We will assume that the tip is sufficiently large such that local gating effects due to the proximity of the tip to graphene can be effectively absorbed into the local definition of the chemical potential nearby the adatom 18 . As a brief comment about orders of magnitude for the several quantities, in most materials, the typical work function φ t is of the order of a few eV. In the case where the effective mass m is of the same order of the bare mass of the electron, κ −1 p , translates into a characteristic tunneling length scale topically larger than 1 nm. Also, since STM tips have a typical radius of the order of 1nm, z, which accounts for the distance between the center of the tip to graphene is typically a number of the same order. A more detailed description about the characterization of the tip and the surface in the STM problem can be found in Ref. 19 .
A. Green's functions
Now we generalize the original Hamiltonian of the Anderson problem to include Hamiltonian terms (36), (39) and (42),
In the following, we will assume perturbation theory in the hybridization of the tip with the rest of the system, namely t f and t x (x = a, b) are small compared to the hybridization V of the adatom with the host (graphene). This is not nevertheless a strict requirement at the mean field level, and the 'exact' expressions of the Green's functions are shown in the Appendix. In addition, we will also assume that the system remains in equilibrium in the presence of the STM tip. A detailed calculation of the equilibrium and also out of equilibrium Green's functions in the STM problem for metallic surfaces can be found in Ref. 20 .
To further simplify matters, we assume here that κ p ∼ κ is computed at the Fermi energy and hence is momentum independent, in which case a, b labels below for completeness. A similar assumption will be made for the tunneling matrix element between the tip and the adatom, t f,p (r) → t f (r).
The matrix elements of the renormalized Green's function is the a, b sublattice basis can be calculated straightforwardly,
The quantities Λ x (p) andΛ x (p) were defined in Eq. (34) and (35), whereas
contain the tunneling amplitudes and phases for the electrons as they hop between the tip and the A, B sublat- gives the local DOS per spin, where
[
is the Fourier transform convoluted over the the product of the Γ(p, r) and Λ x (p) functions (and their respective conjugate forms), as defined in Eq. (34), (35) and (50),
(47)], and hence independent of the horizontal distance between the tip and the adatom.
In Fig. 9 we show the topography maps for LDOS in the presence of the STM tip for both sublattices in the case of an adatom sitting on top of a carbon atom (top panels) and also for an adatom on an H site (lower panels). In those plots, we use the same set of parameters as before, V = 1eV, U = 1eV, µ = 0.1eV, ǫ 0 = −0.5eV, and additionally the parameters α D = 4 eV for the band width of the tip and ǫ D = 2eV for the Fermi energy of the tip. The tunneling parameters between the tip and the system where chosen to be t f = 0.02 eV and t a = t b = 0.2eV. As expected, the plots show basically the same qualitative features as the ones shown in Fig.  5 for the actual DOS on graphene in the absence of the STM tip.
The most important feature of the tip in the LDOS can be observed in the evolution of the magnetic resonances as the STM tip gets close to the adatom. In Fig.  10 , we show the LDOS measured at the position of an adatom (R = 0) that sits on top of a carbon atom. Using the same set of parameters as before, we show the evolution of the two spin polarized resonant peaks at energy ǫ 0 + n ↑ U and ǫ 0 + n ↓ U as we increase the strength of the hopping amplitude between the tip and the adatom, t f . As t f increases (panels 10b to d), the peaks are progressively suppressed as the high energy peak for virtual n ↓ states is red shifted. As mentioned in the previous section, this effect stems from the fact that due to the low DOS in graphene, the proximity of the metallic STM tip can substantially enhance the broadening of the localized state. For moderate U , this effect may imply in the eventual suppression of the localized moment when the tip is sufficiently close to the adatom, permitting the detection of the local moment with a non-magnetic tip away from the Kondo regime. This effect has also a clear manifestation in the differential conductance curves of STM, which we describe in the next subsection.
We remark that in the regime where the STM tip leads to a suppresion of the local moment, the single orbital picture we considered so far breaks down for orbitals with |m| ≥ 1 when the energy splitting of the spin polarized dublet states in a given representation (say d xy and d x 2 −y 2 ) becomes comparable to the level broadening induced by the tip. In that regime, the suppression of the local moment is followed by a strong enhancement of the hybridization among the orbitals, and a multi-orbital description is needed. This extension with nearly degenerate orbitals is straightforward and will be considered somewhere else.
B. Tunneling current
The tunneling current from the tip is defined by
whereN c = kσ c † kσ c kσ is the number operator for the c electrons in the tip, and e is the electron charge. The motion equation for this operator is
where H is the full Hamiltonian defined in Eq. (44) including hopping matrix elements between the tip and the system. After a straightforward algebra, the total current follows from the sum of three different contributions that arise from tip tunneling processes to either sublattices A, and B or else to the adatom localized state,
are real time "lesser" and "greater" Green's functions, which should be distinguished from retarded (G 
in which case the total current can be written as
is the self energy correction to the Green's function of the c-electrons in the tip,
The first term in Eq. (69) gives the self-energy contribution due to the graphene electrons, while the second one is the contribution from the adatom. Using the fluctuation dissipation theorem
is the spectral function, the total current is given by is the Fermi distribution, ρ c is the DOS at the STM tip,
and ρ t is defined as
can also tunnel to the host material (graphene) and then hybridize with the localized orbital. The signature of such interference appears in the differential conductance curves in the form of a Fano resonance. In graphene, the electrons have additional sublattice quantum numbers which may give rise to additional interference effects, depending on the position of the adatom relative to the two different sublattices. In the case where the adatom sits in the center of the honeycomb hexagon, for a given sublattice, there are three different paths the electrons in graphene can take to hybridize with the adatom. Destructive interference between the different paths in a given sublattice can suppress the Fano character of the resonance and change the shape of the DC curves. When the tip is above the adatom (R = 0), the conjugate forms q =q and γ =γ in Eq. (76)-(79) are the same. In the simplest scenario, where an adatom sits on top of a carbon atom, say on site A, the Fano factor is defined explicitly in terms of the self-energy for orbitals of type I, ReΣ 
The damping in this case is γ 
and γ II = 0. In the more generic case, for type I orbitals (the ones which are not C 3v invariant) that sit on H or S sites, the damping factor γ interpolates between 0 and N s = 1, 2, the number of sublattices the adatom effectively hybridizes.
As the usual theory of Fano resonances
21
, when q/γ ≫ 1, the DC curve has the form of a peak, whereas in the opposite limit, for q/γ ≪ 1 it is shows a dip. In Fig. 11 we show the DC induced by the presence of the adatom in the case where it sits on top of a carbon site (left panels) and also for an type II orbital at an H site (right panels). In panels a) and b) we assume a fixed set of parameters as in Fig.10 and change the ratios t f /t a for a given fixed value of t a = 0.15eV. For t f /t a 0.1, the DC curve of type I orbitals has a Fano shape, whereas for type II orbitals the Fano resonance is suppressed (see insets of Fig. 11 ).
The evolution of the separation of the peaks follows the same trend shown before in the LDOS (see Fig. 10 ). The increase of t f leads to a gradual suppression of the local magnetic moment, and as a consequence to a decrease in the separation of the two peaks. When t f is large enough, the two DC magnetic peaks eventually merge on top of each other, destroying the local moment completely. In this situation, the level broadening of the localized state is controlled by the proximity of the tip, and the local magnetic moment can be in principle turned off by bringing the tip closer to the adatom. Additional fluctuations, which are expected to play a role at very large t f , should further enhance the suppression of the local moment by the STM tip. This effect is inhibited by strong correlations, at large U , which make the local moment more resilient to the influence of the tip. Gating effects that bring the Fermi level close to the energy of the localized state may on the other hand favor a mixed valence regime state, where the local moment can be more easily destroyed by the tip even at very large U .
V. CONCLUSION
Unlike the case of metallic hosts, in graphene the symmetry of the localized orbital has clear fingerprints in the LDOS nearby the adatom whenever the adatom, hybridizes with two or more carbon atoms. We showed that the real and momentum space STM scanning maps can reveal not only the position of the adatom with respect to the sublattices but can also indicate the orbital symmetry of the localized state and possibly its magnetic state.
We have described in detail how sublattice quantum numbers in combination with orbital symmetry effects
